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ABSTRACT

Preliminary equations of state are presented for OXygen and nitrogen which
provide accurate representations of the available P-p-T data for both fluids.
. The equation for nitrogen is applicable for temperatures from 70 k to 1300 «
‘at pressures to 10,000 atmospheres, a@d the equation for Cxygen for temperatures
from 70 K to 323 K at pressures to 350 atmospheres. Deviations of calculated
densities from representative experimental data are included. A volume explicit
equation of state for Oxyden to be used in estimating density values in the
range of applicability of the equation of state is also presented.
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I INTRODUCTION

The equation of state for oxygen published in [1]* has been employed in
both pre-mission and mission support activities in the Apollo program. In addi-
tion, to accurately account for venting rates in the analysis of the oxygen and
nitrogen systems for the Skylab program, vapor pressure equations and specific
heat values will be required along with the equation of state. With the advent
of the two-gas atmosphere used in the Skyiab program it wili be necessa%y to
perform the same type of calculations on both oxygen and nitrogen systems.

Prior to this project, the NASA Consumables Analysis Section used the equa-
tion of state for oxygen from {1] in computer models of the oxygen systems. . 1In
September, 1971, an equation of state for nitrogen was published by Coleman and
‘Stewart [2,3] which had essentially the same form as that used for oxygen by
Stewart [1], and this equation was adopted for nitrogen system calculations.

The chjective of the project which is the subject of this repcrt, is to
determine improved equations of state for nitrogen and oxygen. using the same
form of the equation for both fluids. The improvements that are to be considered
include the fo]Towing:

1. The accuracy of the equation of state for oxygen will be im-

- proved by incorporating the new P-p-T data including alil pub-
lished high temperature data'and other thermodynamic data
which have been published subsequent to the completion of [1]
in the determination of the coefficients for the new equation.

2. The study of the functional form of the equations of state to
impfove their accuracy for nitrogen and oxygen will be con-
tinued. The equations of state for both will be of the same
form, and consequently these studies will be carried on for
both fluids simultaneously.

3. QOther thermodynamic data will be considered in the determina-
tion bf accurate equations of state, with the goal of publi-
shing equations of state for oxygen and nitrogen which are
sufficiently accurate to represent not only the P-5-T surface,
but alsc other thernodynamic data (e.g., entropy, enthalpy,
heat capacity, velocity of scund data).

* Numbers in hrackets rafer to references at the end of this report.



The accuracy of other thermodynamic relationships for oxygen
and nitrogen employed in the calculation of thermodynamic prop-
erty tables (i.e., equations for the vapor pressure and the
ideal gas heat capacity) will also be improved.

The range of values to be covered by these thermodynamic prop-
erty table formulations shall include the entire range of pres-
sures and temperatures for which data are avai1ab1e, as well
.as extrapolations which theory indicates are prudent for higher
temperatures and lower pressures for the vapor.

ro



11 STATUS OF OXYGEN AND NITROGEN EQUATIONS
OF STATE., JunEe30,191

“A.  The Thermodynamic-Properties of Oxygen

In 1966, R. B. Stewart, then with the National Bureau of Standards, Cryo-
gen1c Data Center, published his Ph.D. thesis [1]. This publication was based -
on preliminary results of the oxygen properties measurement program of the NBS
Cryogenics Division and other data Ffrom the scientific literature. Thermody-
namic property tabies based on NBS measurements were subsequently published
[4]. The mathematical formulation used by NBS for calculation of these thermo-
dynamic tables was seiected to provide the most accurate representation of the
data, but the calculation brocedure is not well suited for computer applica-
tions in thermodynamic modeling and simulation. The equation of state devel-
oped by Stewart, however, is well suited for systems calculation by computer,
and produces thermodynamic property vaiues nearly equivalent to the property
tables published by the NBS. The following table is reprinted from [5], and
serves as a guide to the advantages of three alternate methods for ‘therwody -
namic property formulations (the reference numbers in this table have been added
as examples cf these methods).

Table I
Comparison of Calculation Methods for Computer Analysis

Type of Program ~ Speed Versatility Accdracy
Equation of State [1.,2] Medium Best Medium
Tab Code [6] Best Very Little Medium
Multifunction [4] Slow " None Best

Stewart's equation of state was completed prior fo the publication of the
NBS measurement program. Subsequently, P-p-T measurements were made by NBS of '
the liquid below the normal boiling point and around the critical peint which
nave not been incorporated into Stewart's equation of state. NBS has also com-
pleted measurements of constant volume heat capacity {Cy) wihich may be used to
jmprove the oxygen properties tormulations. With the inclusion of these addi-

tional data sets in the determination of the eguation of state, it is expected
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that the limitations in Stewart's work, which were due to a scarcity of measured
values, may now be corrected and the accuracy of all of the derived thermodynamic
properties calculated using the equation of state will be improved. (Reference
[1] includes graphical illustrations and discussions of the accuracy of the equa-
tion of state and the thermodynamic property formulations using the equations
presented.) |

In addition to the equation of state, the work of Stewart [1] also included
equations for the ideal gas heat capacity and the vapor pressure. These equations
should now be revised. The ideal gas heat capacity values were based on the tab-
les from [8]. A recent tabulation of ideal gas properties by Baehr [9] provides
new values based on recent molecular constants, and this equation should now be
fit to the newer values.

The vapor pressure equation in [1] was based on the data by [10], which
were inadequate to describe the vapor pressure below 80 K. A new vapor pressure
equation recently comp]etéd in a separate study at the University of Idaho was
published in [11]. This equation is based on the newer vaper pressure data from
[12], and on heat capacity measurements for the saturated liguid [13], as\we1]>

as the older data from [10].
The vapor pressure equation from [11] is,
:‘r‘—l Ry 4 AT+ Ay(T = T)® 4 AT? + AT & A, TnT (1)

where the Ai‘are the coefficients given in Table II, with T the temperature in

InP =

degrees Kelvin, TC = 154.581 ¥ (the critical temperature), and P the pressure in
atmospheres.

Table II

Coefficients for Vapor Pressure Equation {1) for Cxygen
Reprinted from [11]

A, = -0.9841114846 x 10 3 As = -0.1046194284 x i07°
A, = -0.1156470767 x 10 * Ag = -0.5657508557 x 107°
A; = 0.5933202019-x 10~ A; = 0.3343730069 x 10
A, = 0.9855772473 x 1Q'3 ' a = 1.915755272

A comparison of temperatures calcuiated from equation (1) and the data used to
determine the coefficients of equation (1) is given in figure 1.
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B. The Thermodynamic Properties of Nitrogen

A two year study of the thermodynamic properties éf nitregen by Dr. Stewart
and co-workers has produced an equation of state, a vapor pressure equation, and
an equation for the ideal gas heat capacities, which are used for the calculation
of thermodynamic property tables. This work was sponsored by the NBS Office of
Standard Reference Data, and the results are published in [7}. The following is
extracted, in part, from [7]. ' ”

The form of the equation of state developed for nitrogen is,

P = pRT
£ p2(NyT + NoT% 4 Ny + No/T% 4 No/T + Ne/T2+ No/T® + No/T¥)
CF p3(NaT? + NyoT + Nyy + Nao/T + Nys/T?) i
+ p*(NyuT + Nis) |
+ p%(Nyg + Nyo/T)
+ 03 {Nyg/T2 + Nyo /T3 + Noo/T*) exp (-yp?)
+ p3(Nay/T? + Npo/T? + Nas/T*) exp (-yp?)
+ p {Noy/T? + Nps/T? + Npg/T*) exp (-yp?)
+ p®(Na7 /T + Nag/T? + Noo/T") exp (~yp?)
+p! 1Ny o /T? + N3i/T? + Nao/TH) exp {~yp?)
pt3(Ngs/T? + N3u/T? + N3s/T*) exp (-yp?) (2)

where the Ni are the coefficients given in Table III, with T the temperaturé in dew
grees Kelvin, P the pressure in atmospheres, and p the density in moles/liter.
These coefficients, except the value of y in the exponential terms, were determiney
by a least squares fit to the weighted data.

The equation of state (2) represents the entire Fange of P-p-T values for
nitrogen which have been measured, to approximately the uncertainty of the data.
This includes values for the liquid near the triple point and along the saturatéd
Tiquid boundary, for the liquid at the freezing line, and for the gas from 80 to
1273 K, with pressures to 10,0CC atm. |

Figures 2 to 22 illustrate ine deviation between selected measurements of the
density and values calculated by the equation of state (2), (i.e., the percent
exp” °
density reported by the experimenter, and Peale the density calculated from equa-

density deviation, {(¢ ] x 100, where Pexp represents the observed

calc!Paxp



Table I11

Coefficients for the Equation of State (2) for Nitrogen
Reprinted from [7]

0.442846853539105 x 1072 Nig = -0.111691086112682

= -0.829417233958518 x 10! Noo = 0.131992876308097
= 0.831816820844281 N2y = -0.107110551745687
= 0.789454995207039 x 10 ! N22 = -0.280710075038644
= -0.519464730111641 x 10 3 Nos = 0:103571934551340
= 0.486788204145566 X.]O 3 Noy = -0.324638262862371
= -0.276765813270827 x 10 7 Nos = ~0.143915062954146
= 0.531902528027746 x 10 ¢ Nog = 0.232500139742939
= ~0.107038956039902 x 10-% Nos = ~0.201017505855138
= 0.274500963709232 x 1073 Nog = 0.283301453486397
= -0.911499335271588 x 10 Nog = =0.2558330032328750
= 0.145051669173734 x 10 2 N3g = 0.126004937195284
= 0.277646315858169 x 10 3 N3z = =0.159463113142953
= -0.458649005760810 x 10~° N3so = 0.294340278758674
= (.138049438981636 x 1072 - Nzz = ~0.246822376653425
= 0.821404094790335 x 10~ N3y = 0.784099910579200
= -0.08B888171.02071004 3 1072 Nss = =0.10826352950560532
= 0.137925677998808 x 10 ?

y = 0.0056 |

R = 0.0820535 liter-atm/mol-K

XX X X X X X

b4

XX X

XX X X X X

1072
1078

1678

~~J



tion (2) for each experimental pressure and temperature). The temperatures for
which these comparisons are given were selected to afford a representative anai-
ysis of the available data, and to cover the range of temperatures for which
data are available. The following comments are made with regard to the compari-
sons in figures 2 to 22.'

The data for the low temperature liquid are illustrated onlthe graphs for
77K, 90 K, and 120 K to 123 K. The data of Van Itterbeek and Verbeke [N-32,
N-33] for temperatures of 65.85 K, 72.31 K, and 77.89 K are generally in agree-
ment with the equation; however, systematic deviations from the equation are
found for these data at 77.31 K, 84.99 K, and 90.60 K. It appears that the data
reported by Van Itterbeek and Verbeke are not a self-consistent set of values.
The data by Streett and Staveley [N-28] deviate from the equation systematically
at lower temperatures as indicated by the graphs at 77 K and 90 K; however, thzir
data beginning with temperatures of 105 K and above are generaily in égreement
with the equation, to the extent iilustrated at 120 K to 123 K. Liguid data by
Weber [N-35] are illustrated for approximate isochoric va]ues ranging from 11 to

-28 moles/Titer in fig uro 22. (Weber's-measurements were made using an approxi-
mately constant mass-constant volume system for integral values of temperature,
and each isochor represents an experimental run. ) These data are mere precise
than the other liquid data, and there is a systematic deviation trom the equa-
tion. However, a more meaningful evaluation is obtained by considering the da-
viations for values at the same temperature, rather than for the same experimsn-
tal run. (The lowest and highest temperature for each isochor are shown in
figure 22.) It is estimated that the equation of state for the low temperaturs
] quid has an uncertainty of + 0.5%

The data near the critical point are illustrated for temperatures from
125 K to 128 K. This is an experimentally difficuit region for precise measureo-
ments, and the imprecision of the data is evident. The region near the critical
pcint is also a difficult region for fitting the equation of state, and system-
atic deviations between the equation ancd the data resuiting from fitting nrobless
near the critical point appear to be present for isotherms above the critical
point; e.g., as illustrated in figures 6 and 7 for 133 K and 143 K.



The lack of concordance between the data sets above 1000 atm. is particu-
larly notable. In general, the equation of state fits the data of Saurel [N-26]
and Robertson and Babb [N-25], which were judged to be the most accurate. The
data by Malbrunot and Vodar [N-19] and by Malbrunot [N-20] are not in accord
with the selected data;band in addition to this lack of concordance, inconsis-
tencies between these two documents (which are assumed to contain the results
of the same experiment) raise some question as to the experimenters' own convic-
tions regarding the.accuracy of their measurements.

The coefficients of the equation of state were determined by a least squares
fit of the weighted data indicated in Table IV. As noted in this table, the data
of the saturated liquid states (i.e., cn the vapor pressure line [N«i1, N-297,
and the freezing line [N-13]) were not used in determining these coefficients.
These values were excluded since the data reported are temperature and density,
and the pressure is determined from an independent measurement of the vapor pres-
sure or freezing pressure. It is, therefore, of particular interest to note the
extrapolation of the equation of state from the single phase région to these sat-

uraticn boundaries. These comparisons are-given in figures 23 and 24.

The deviations of the equation of state from Tiquid P-g-T data at the vapor
pressure are systematic, and are generally negative, (i.e., the calculated den-
sities are greater than the measured values). It is expected that a new fit of
the equation of state including these saturation data would reduce the magni tude
of the deviations. The fit of the equation of state reported here did not in-
corporate the saturated liquid data since the use of these values is dependent
upon the vapor pressure equation, and comparisons between vapor pressure measure-
ments and vapor pressure calculated from the equation of state (i.e., by equating
Gibbs function, pressure and temperature) should be made before introducing the
saturated 1iquid values into the fit. (This is being done as a part of the contin-
uing stuaies.)

A compariscn of the equation of state to liquid density data on the freezing
Tine also indicates systematic deviaticns. It is anticipated that a more criti-
cal evaluation of the liquid P-p-T data may be afforded after a comparison of
heat capacity data. (This éva]uation is included as a part of the continuing

studies.)
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Table 1V

SUMMARY OF P-V-T DATA FOR HITROGEN

10

) . Temperature Pressure Number of Uncertainty
Source ) Range (K} Range (atm) Data Points in Density
Amagat [N-1] 273 - 473 1 - 3000 149 *
Bartlett [N-2] 273 1 - 1000 9 *
Bartlett et al. [N-3] 273 - 673 1 - 1000 52 *
Bartlett et al. [N-4] 203 - 293 100 - 1000 42 2%
Benedict [N-5] .80 - 273 99 - 1500 25 .3 %
Benedict [N-6] 98 - 473 981 - 5879 124 3%

“ Canfield [N-7] 133 - 273 2 - 300 152 J15% -
Crain et al. [N-8] ' 143 - 273 2 - 500 70 1%
Friedman [N-9] 80 - 300 1 - 200 201 1%
Gibbons [N-10] 72 - 77 22 - 124 17 .15%
Goldman, Scrase and Cockett [N-11] 78 - 125 1-32 80 *
Golubev and Dobrovolskii [N-12] 78 - 133 49 - 484 53 A 4
Grilly and Mills [N-13] 64 - 120 76 ~ 3441 10 *
Hall [N-14] 103, 113 2:-89 8 (35 ¢ 103 K
Heuse and Otto [N-15] 273 0.04 - 0.1 8 *
Holborn and Otto [N-16] 273 - 673 24 - 100 66 *
Holborn and Otto [N-17] 273 - 403 20 - 100 24 .05%
Kammerlingh Onnes and van Urk [N-18] 124 - 293 30 - 50 143 *
Malbrunot and Vodar [fN-19] 473 - 1273 10600 --4C00 o3 *
Malbrunot [N-20] 473 - 1273 800 - 5000 191 *

- Michels et al. [N-21] 273 - 423 20 - 80 56 .01%
Michels et al. [N-22] 273 - 423 200 - 3000 147 1\ % above 1000 atm
Miller, Stroud, and Brandt [N-23] 21 9 - 260 10 A%
Otto, Michels and Wouters [N-24] 298 - 423 45 - 400 63 .01%

“Robertson and Babb [N-25] 308 - 673 1600 ~ 10,000 170 .05%
Saurel [N-26] : 423 - 1073 10 - 900 37 1%
Smith and Taylor [N-27] : 273 - 473 34 - 319 40 *
Streett and Staveley [N-28] 77.35 - 120.23  4.32 - 680.46 107 %
Terry et al. [N-29] 77 - 104 1-10 15 *
Tsiklis and Polyakov {N-30] 294 - 673 1600 - 10,000 69 1%
Tsiklis [N-31] 323 - 423 3000 - 6000 21 19
Van Itterbeek and Verbeke [{-32,N-33] 65 - 90 15 - 840 80 d %
Verschoyle [N-34] 273 - 293 25 - 205 36 *
Weber [N-35] ‘ 80 - 140 30 - 266 76 15%

*%k

1y

Data sets used in comparisons but not in fit.

Liquid data.
Saturated liquid data.
Liquid on freezing line.



The vapor pressure equation (1) from [11] with TC = 126.2 K should ncuw.
be used for nitrogen. The coefficients from a least squares fit to the data
of Armstrong [N-36] and Weber [N-35] are presented in Table V.

Table V

Coefficients for Vapor Pressure Equation (1) for Nitrogen,
‘ Reprinted from [7]

Ay = -0.6129036050 x 10 As = -0.4376881279 x 10~°
Az = -0.6558840929 x 10 2 Ag = 0.5270751218 x 10°
As = 0.9971628689 x 107 A; = 0.1447693081 x 10 2
A, = 0.2471462741 x 1072 a = 1.95

A comparison of the vapor pressure equation with the selected data sets used
in determining the coefficients is given in figure 25.

1
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HI WORK ACCOMPLISHED DURING QUARTER
ENDING OCTOBER 1, 1971

A.  Thermodynamic Properties of Oxygen

A review of [1] and of the thermodynamic property literature published sub-
sequently, indicate that the data of Weber [0-1], Michels, Schamp, and DeGraaff
[0-2], and Nijhoff and Keesom [0-3], are adequate to describe the P-p-T surface
for the range of pressure and temperature for which P-p-T measurements have been
published. Other measurements of P-p-T data are all within the ranges covered
by these selected data, and are considered less accurate. The equation of state
previously developed for nitrogen [equation (2)] has, therefore, been fit to the
data of [0-1, 0-2, 0-3]. The resu]ting coefficients are given in Table VI for
~ temperatures in degrees Kelvin, pressures in atmospheres, and density in moles/
liter.

Figures 26 to 48 illustrate the deviations beween measuraments of density
and density values calculated by the equation of state (2), {i.e., the percent

density deviation, [( ] x 100, where Pexp represents the cbserved

Pexp™ pca]c)/pexp

“density reported by the experimenter, and 0 the density calculated from equa-

tion (2) for each experimental pressure andciééberature). The temperature for
which these comparisons are given were selected to present a representative
analysis of the available data, and to cover the range of temperatures for which
data are available. The following comments are made with regard to the compari-

son in figures 26 to 48.

The data for the liquid are illustrated in figures 26 to 37 for tempera-
tures from 65 K to 150 K. The data of Van Itterbeek and Verbeke [0-4] from 65 K
to 80 K illustrate many of the same characteristics exhibited by their data for
nitrogen, (i.e., the data deviate systematically from other data). However, in
the case of oxygen, their values at 85 K and 20 X are conccrdant with the data
published by Weber [0-1].

It is notable that the density deviations for the liquid illustrated here
indicate the data of [0-1] to be more precise than similar deviation i1llustra-
tions published in [1]. Much of the increased precision in the iiquid data may
be attributed to corrections applied to the coxyoen measurements made by Meber
subsequent to their earlier use in determining the equation of state reported in

(1.
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Table VI
Coefficients for the Equation of State (2) for Oxygen
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Comparisons of densities calculated from equation (2) with P-p-T data for
the low temperature-low pressure vapor are included in figures 32 to 44 for
temperatures from 99 K to 233 K. (These figures also include comparisons to
liquid data for pressures over 10 atm. which are discussed above.) The low
pressure vapor measurements by Weber [0-1] for temperatures from 99 K to 140 X
are of lower precision than the measurements made by Weber for higher densitiss.
The equation represents the older data of Nijhoff and Keesom [0-3] with approxi-
mately the same accuracy as the earlier equation of state in [1]. '

The equation of state is not as accurate for the higher density values from
170 K to 300 K as the earlier equation in [1], as indicated by comparisons with
Weber's data. The systematic deviations between the equation and the datz is a
consequence of the fitting problems near the critical point. This same problzm
was present for the nitrogen equation reported in [7]. This is not a new prod-
Tem, since these same systematic deviations are also noted in the deviation
graphs in [1]. The equation n® state reported here fits the higher temperature
data by Michels et al. [0-2] better than the earlier equation in [1].

Values of heat capaéity calculated using this equation exhibit erratic be-
havior in the liquid range, and deviate significantiy from measured values re-
ported in [0-1] near the critical temperature. (Further study of the equation
of state for oxygen employing simultansous fitting of heat capacity values and
P-p-T cata will be made to eliminate these problems. )
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B.  Thermodynamic Preperties of Nitrogen

The need for a more detailed analysis of the functional form of the equz-

~ty

tion of state was needed, since a statistical analysis of the coefficients for
nitrogen as determined for equation (2) showed that only about half of the coaf-
ficients of the terms employed in the equation had F-statistics high enough i
indicate significance at the 95 percent confidence. level. This analysis is ncw
‘proceeding and is being accomplished by the use of a multiple-stepwise-regres-
sion program written by Mr. Garry L. Rose as an adjunct study to the work de-
scribed in this report. The method of analysis being employed began by postu-
lation of a 50-term polynomial equation of state containing terms in various
powers of density up to p'® and including polynomials in temperature as coef-
ficients and the exponential terms erz. Successive fits of the equation ares
being performed with the term with the Towest F-value from the previous fit re-
moved from the equation before each run. It is expected that this technique
will result in an equation of state with from 25 to 35 terms, and with mcst
terms statistically significant. The resultant equation will be examined by
calculating derived preperties, (i.e., enthalpy, ontropy, and specific heats)
for comparison to these quantities calculated from the equatlon repor rted in {7].
This study is in progress at the time c¢f this report.

A review of the weighting techniques employed for the data used in the ca-
velopment of the equation of state is in progress. Prior weighting has been
accomplished using the errorépropagation formula as outlined in [3] with esti-
mated experimental uncertainties in density. Preliminary results indicate trzt
an improvement in the it of the equation of state is apparant when weights zre
calculated directly from deviations in pressure from a prior fit of the same
functional form. An exception noted in preliminary investigations is that dz-
viations from data near the critical point appear to be larger using the lattsr
weighting method.

The property calculation techniques described in [1] have been used in *he
development of generalized computer pregrams for the caiculation. of propertiss
from the equation of state for nitregen as well as for oxygen. Preliminary in-
dications are that specific heat vaiues calculated from the eguation of stais
(2) exhibit large deviations from expected values in the vicinity of the crizi-

cal point. Erratic behavior in specific heats calculated aleng isobars is evi-
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dent in the liquid range for nitrogen indicating the need for further refinement
-of the equation of state in this region.

In summary, the equation of state (2) must be considered preliminary for
this work, and further development is needed to insure more accurate values of
the heat capacities calculated from the equation of state, particularly in the
liquid region for nitrogen.
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C. Volume Explicit Equation of State

The authors emphasize that the following equation is preliminary and request
that it be used only for estimating temperature, pressure, and density in the range
of applicability as defined in the following paragraphs. Users are advised to ob-

serve the accuracy estimates which follow.

To fill the need for a preliminary value of density to provide a first esti-
mate for iterative density calculations using equation (2), a volume-explicit
equation of state has been developed for oxygen using the P-p-T data of Weber.
[0-1] and Michels et al. [0-2]. This-equation is valid only for the vapor for
temperatures from 70 K to 323 K and pressures to 350 atm. The form of the equa-
tion is as follows, ‘ | |

V=Rlo (6,7 + 6, + Go/T + Gu/T?)

(GsT? + GeT + G7 + Ge/T + Gg/T?) P
(GroT + Gyy) P2+ (Gio + Gya/T) P
P(G14/T? + Gys/T% + Gye/T") e”0.300!+2P2
P3(G,,/T? + Gig/T3 + Gy9/T") e‘&oooquf
PS(Gpo/T2 + Gpy/T? + Gpp/TH) @0000u2P"

-+ O

+ 4+ o+ o+

where: P is in atm., T in degrees K, and V in liters/mol.

The coefficients for this equation as determined by a fit to the data mentioned
above are given in Table VII.

Table VI1
Coefficients for Volume Explicit Equation of State for Oxygen B

G, = -0.626356236210567 x 107% Gy,= 0.288909414495707 x 10~®

G, = 0.420325302822466 x 107} Gy3= ~-0.756550342069606 x 10~¢

G; = 0.930039707567091 x 10 ! G;,= -0.327419883734544 x 10 3

Gy = -0.633366186967859 x 10 * G1s= 0.147356570329240 x 10 ©

Gs = 0.297347348488700 x 10-8 Gie= -0.148388717945564 x 10 8
Ge. = -0.315704935047503 x 107> Gyz= 0.141067857245185

G, = 0.167077589933715 x 1072 . G,g= -0.628071127437031 x 10 2

Gg = -0.484651306742598 Gy9= 0.826534646205043 x 10 *®

Gy = 0.616394479750554 x 10 2 Gyo= -0.267912250216391 x 107"
Gio= -0.297041470103540 x 107¢ G,i= 0.140246189667274 x 10!

x 10 1.

G11= 0.7533685045324067 x 10°° Gop= ~0.162991035503075



In general, the equation deviates from the data by + 0.5 percent in the range
210 K to 323 K for pressures to 300 atm. The deviations are systematic partiizulariv
at high pressures. The accuracy of this equation 15 generally unacceptabie 7or
property calculation work and should be used only for initial estimates of prop-
erty values. Using an estimated density calculated from this equation, the jter-
ative solution of equation (2) may be expected to converge rapidly.
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IV WORK PLANS FOR THE CONCLUSION OF THE

PROJECT |

Continuing studies of the functional form of the equation of state are ex-
peéted to lead to a formulation which provides an acceptable statistical analysis
of the fit with minimun deviations from the experimental data. Because the oxy-
gen data of Weber [0-1] and Michels et al. [0-2] provide a precise representation
of the P-p-T surface for the range of interest in this work, these data sets will
be used for evaluation of the functional form of the equation of state and of
fitting procedures. A parallel study will also be done for nitrogen using selec-
ted data sets for fitting.

A careful review of data weighting techniques for least squares fitting will
be completed. The examination of various weighting procedures should result in
an improved fit of the P-p-T data. In addition, it will be necessary tc develop
methods of weighting for use in simultaneous fitting as discussed below.

The methods of simultaneous fitting of P-p-T data and cpecific heat data
will be employed in the determination of the equation of state for oxygen. The
P-p-T data of Weber [0-1] and the €, data of Goodwin and Weber [13) will be used
for initial investigations of the methods to be used because of their demonstra-
ted thermodynamic consistency. The techniques which are developed from these
studies will then be applied to further studies of the equation of state for
nitrogen.

In conjuncticn with the simultaneous Titting of heat capacity and P-p-T data,
~the criteria for phase equilibrium will be included in the fitting process, to
investigate the effect of the procedure suggested by Bender [14] on the calcula-
tion of derived properties from the equation of state.

It is exvected that the methods out]1ned here will resuit in an improved
representation of the M-p-T surface with an accompanying 1mprovene7t in ca]cu]ated
thermodynamic properties (e.g., entropy, enthalpy, heat capacities) for oxygen
and nitrogen.
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